Blood volume studies.-in chronic hypoxic lung disease have produced conflicting results. Some have demonstrated that the red cell volume-hypoxic relationship is similar to that in normal subjects, whereas others have found that it is subnormal. Plasma volume has not been shown to be related to hypoxia. To elucidate this further, 45 patients with chronic obstructive bronchitis were studied. They were on average hypoxic at rest and on exertion, but mean values of red cell volume, plasma volume, venous haematocrit, red cell count, and haemoglobin concentration were normal. Red cell volume was linearly related to the degree of hypoxia, but the response was subnormal. Arterial oxygen saturation rather than tension was the main determinant of red cell volume, and resting values correlated better than exercise values with red cell volume. The best correlations were obtained when red cell volume was expressed as a function of the lean body mass rather than the total body weight. Red cell volume was also linearly related to arterial Co tension. Plasma volume did not correlate with any of the blood gases. The subnormal polycythaemic response to hypoxia may have been caused partially by latent iron deficiency and chronic infection; but severe hypoxia, hypercapnia, and gastrointestinal bleeding were not aetiological factors. The importance of tissue hypoxia in the regulation of the erythropoietic response and the reasons why previous blood volume studies have produced conflicting results are discussed.
There is general agreement that -red cell volume, but not plasma volume, is linearly correlated with the level of hypoxia in healthy -subjects living at altitude (Shaw and Simpson, 1961; Weil, Jamieson, Brown, and Grover, 1968) . Plasma volume is usually normal or slightly reduced at altitude (Hurtado, Merino, -and Delgado, 1945; Reynafarje, Lozano, and Valdivieso, 1959; Pugh, 1962; Weil et al., 1968) . Blood volume studies in chronic obstructive non-specific lung disease have produced conflicting results. Some workers have concluded that red cell volume is not consistently elevated in a quantitatively normal manner for the level of hypoxia (Lemon, 1929; Kaltreider, Hurtado, and Brooks, 1934; Freedman and Penington, 1963; Vanier, Dulfano, Wu, and Desforges, 1963; Murray, 1965; Ayvazian, Richardson, and Silber, 1969 (Hurtado, Merino and Delgado, 1945; Hammarsten, Whitcomb, Johnson, and Lowell, 1958; Shaw and Simpson, 1961; Lertzman, Israels, and Cherniack, 1962; Hume, 1968; Chan, 1969) . Plasma volume is usually unrelated to hypoxia and tends to fall within the normal range, except for the studies of Shaw and Simpson (1961) and Vanier et al. (1963) with the diagnosis of chronic bronchitis with or without emphysema, using the criteria of Laws and Heard (1962) (Gaensler, 1951 (Severinghaus and Bradley, 1958) . The rebreathing Paco2 at rest was also measured using a modified Haldane apparatus (Campbell and Howell, 1962) . In addition the blood gases were determined on 22 haematologically normal control subjects who were free of cardiorespiratory disease.
Venous haematocrit was measured by the macromethod of Wintrobe, red cell count was measured using an EEL blood cell counter, and haemoglobin concentration by the cyanmethaemoglobin method; standard techniques were used to examine blood films and to calculate the red cell indices (Dacie and Lewis, 1968a) . Serum iron concentration and unsaturated iron-binding capacity were estimated on mid-morning blood samples by the method of Peters, Giovanniello, Apt, and Ross (1956) . Estimation of dietary iron intake per 24 hours was obtained from a dietary history.
Alimentary blood loss was measured from the radioactivity in the stools following an intravenous injection of 5'Cr (Ebaugh, Clemens, Rodnan, and Peterson (1958) . Red cell volumes and plasma volumes were measured concurrently using 51Cr-labellect erythrocytes and '251-labelled human albumin (Weinstein, 1964) ; results were expressed both in millilitres per kilogramme and as a percentage of the predicted normal values. Normal blood volumes for each patient were predicted from the nomogram of Hobbs (1967) . This was constructed from a height cubed body weight formula derived from the lean body mass (Nadler, Hidalgo, and Bloch, 1962) . The normal red cell volumes were calculated by multiplying the predicted normal blood volume by the normal venous haematocrit (47 in males and 42 in females) corrected for trapped plasma and the normal whole body/venous haematocrit ratio (0 91). Predicted plasma volumes were obtained by subtraction. STATISTICS Significance of difference of means was determined by t testing, and regression lines were determined by the method of least squares (Moroney, 1956) . Calculations were carried out using an Olivetti Programma 101.
RESULTS
These are recorded in Table I . The patients were on average underweight compared with healthy subjects. The normal weight for men aged 55 to 64 years, of height 169 cm, was shown by Richardson and Pincherle (1969) to be 76 kg. The mean FEV, and FEV1/FVC% were considerably reduced; Cotes (1965) predicts that the FEV1 of a healthy 58-year-old man should be 2-9 litres and the FEV1/FVC should be above 70%.
The mean resting values of Sao2, Pao2, and pH were significantly lower (P<0-001) and the mean resting value of Paco2 significantly higher (P< 0 001) than our control figures. After exercise mean values of Sao. and Pao2 fell significantly compared to the resting levels (P<001) and the patients on average.'became more acidotic (P< 0-001). There were ffo; significant differences between the means of Paco, at rest and after exercise.
The mean red cell and plasma volume (ml/kg) fell within the normal range, and when they were expressed as percentages of the predicted normal 'Normal blood gases from Cotes (1965) , haematological values from Dacie and Lewis (1968b) , and faecal blood loss from Grossman, Matsumoto, and Lichter (1961 (Cartwright et al., 1946; Cartwright and Wintrobe, 1949; Wintrobe, 1967b) .
CORRELATIONS
The correlations between red cell volume or plasma volume and the blood gases applicable to the patients of this study, and to the normal subjects investigated at high altitude by Weil et al. (1968) , are shown in Table II intercepts on the red cell volume axes which were significantly different from normal (t test, P< 0001). It is unlikely that the differences in these regression lines are attributable to differences in technique, as similar methods were used to determine the variates in both the normal and bronchitic subjects; also, in this study these methods gave good reproducibility of results. The best correlations between red cell volume and the level of hypoxia were obtained when red cell volume was expressed as a function of lean body mass, i.e., the fat-free mass of the body (00 predicted measurements), than as a function of total body weight (ml/kg measurements). These findings are in accord with the previous work of Nadler et al. (1962) and others who showed that the red cell volume of an individual was dependent on his lean body mass rather than on his total body weight; this is particularly true of subjects of abnormal build, such as those studied here, who tended to be underweight for their heights.
In the patients with chest disease, red cell volume, venous haematocrit, red cell count, and haemoglobin concentration rose in a linear manner with increasing values of the rebreathing Paco2, and the same trend was observed with the arterial Paco, results. These results differ from the findings in the normal subjects of Weil et al. (1968) in whom a rise in red cell volume was associated with a slight decrease in Paco2. However, when allowance was made for the correlation between Sao2 and Paco2 (r= -0 669) the partial coefficient of correlation between red cell volume and Sao2 was found to be -0-524 and that between red cell volume and Paco2 to be 0061. Thus Paco, did not have any significant effect on the level of red cell volume, as the apparent red cell volume-Paco2 relationship was primarily due to the correlation between Sao, and Pao.. Simi- group.bmj.com on August 15, 2017 -Published by http://thorax.bmj.com/ Downloaded from larly, red cell volume was not directly related to pH, plasma volume, or FEV1.
In contrast to red cell volume, the plasma volume did not correlate with any of the blood gases or the pH.
DISCUSSION
These results have shown that there is a linear but subnormal inverse relationship between red cell volume and Sao2 in patients with chronic bronchitis and emphysema. This observation explains why the patients in this investigation had normal mean values of red cell volume, venous haematocrit, and red cell count but were also on average hypoxic at rest due to severe ventilatory impairment. Plasma volume, in contrast to red cell volume, was unrelated to the degree of hypoxia, although its mean value was also normal.
Previous workers have put forward several suggestions to explain the subnormal polycythaemic response to hypoxia that has been observed in these patients. Thus severe hypoxia has been shown to produce bone marrow depression in vitro (Rosin and Rachmilewitz, 1948; Thomas, 1955) and was felt by Hurtado et al. (1945) to be the cause of the relative decrease in venous haematocrit and haemoglobin concentration which they observed in normal subjects at high altitude, with Sao2 levels below 65 %. These findings were not, however, reproduced in this study. Ratto, Briscoe, Morton, and Comroe (1955) believed that hypercapnia could cause marrow depression, but this has not been confirmed subsequently, and most investigations, including the present one, have shown that hypercapnia can be associated with increased red cell volume in patients with chronic hypoxic lung disease (Dallwig, Kolls, and Loevenhart, 1915; Lertzman et al., 1962; Hume, 1968) . A proportion of these patients has been found to have iron deficiency (Shaw and Simpson, 1961; Fielding and Zorab, 1964) . This occurred in six patients in this study, in whom it had not, however, affected red cell morphology. It was, therefore, unlikely to be a major factor reducing the polycythaemic response to hypoxia of the whole group. This iron-deficient state was apparently not attributable to an inadequate diet or to excessive gastrointestinal blood loss, as postulated by Simpson (1957) . Wilson et al. (1951) proposed that chronic pulmonary infection might be a possible cause of the low red cell volumes found in these patients. A number of chronic infections can develop a simple anaemia due to a combination of mild haemolysis and impaired erythropoiesis (Wintrobe, 1967b) , and both these abnormalities have been demonstrated in a proportion of patients with chronic hypoxic lung disease (Gelpi, Castle, Reilly, and Searle, 1959; Lertzman et al., 1962; Ayvazian et al., 1969) . Other features of the anaemia of infection, which were found in seven patients in this study, are low serum iron concentration and low total iron-binding capacity associated with red cells of normal morphology. Upon this evidence chronic pulmonary infection was probably one of the more likely causes of the subnormal polycythaemic response that was observed.
Sao2 and not Pao2 was found to be the main determinant of change in red cell volume, which is in accord with the observations of Weil et al. (1968) made on normal subjects and patients with chronic obstructive airways disease. It is unlikely that both Sao2 and Pao2 would correlate equally well with red cell volume, as their own relationship is dependent on pH, which is itself unrelated to red cell volume. Furthermore, many of the results in the study fell in the middle of the S-shaped oxyhaemoglobin dissociation curve, where Sao, changes relatively more than Pao2, and is, therefore, in this range the more sensitive measurement of hypoxia. Sao2 probably regulates red cell volume through its relationship with tissue hypoxia, which directly stimulates' erythropoietin production. However, hypoxaemia does not always parallel tissue hypoxia, as the latter is determined by oxygen delivery to the tissues, -which in turn is dependent on cardiac output, and the affinity of oxygen for haemoglobin, as well as Sao2. It is, therefore, possible for some patients to be hypoxaemic yet relatively less hypoxic in their tissues (Editorial, 1966) . Thus Filley, Beckwitt, Reeves, and Mitchell (1968) found that a proportion of bronchitic subjects, although having greater hypoxaemia than others, had less tissue hypoxia because of increased cardiac output resulting in greater delivery of oxygen to the cells. In these circumstances, a quantitatively normal polycythaemic response to tissue hypoxia would appear as a subnormal response when related to the degree of hypoxaemia. A decrease in the affinity of oxygen for haemoglobin also increases oxygen delivery to the tissues as it produces a shift to the right of the oxyhaemoglobin dissociation curve; this also results in a concurrent drop in Sao2 for the same level of Pao2. Decreased oxygen affinity is found in hypoxic patients, due mainly to an intracellular increase of 2-3 diphosphoglycerate, and is a compensatory mechanism producing better tissue oxygenation which, if adequate, will not result in secondary erythrocytosis. However, 2-3 diphosphoglycerate concentration tends to decrease with low pH values, which may explain the low concentrations that sometimes occur in chronic pulmonary disease; it may also explain why some of these patients develop an erythrocytosis, whereas others-presumably those with a high 2-3 diphosphoglycerate concentrationshow a subnormal polycythaemic response to hypoxaemia, because they have satisfactory tissue oxygenation (Mulhausen, 1970; Brewer and Eaton, 1971) .
There are probably several reasons why previous blood volume studies in this condition have produced conflicting results: (1) The numbers of patients studied have sometimes been too small for any valid conclusions to be derived from the results (Lemon, 1929; Freedman and Penington, 1963; Murray, 1965) . (2) The blood volume results have not always been comparable, as different methods have been used to measure both red cell and plasma volumes; furthermore, most workers have measured only one volume directly and calculated the other using the whole body/ venous haematocrit ratio applicable to healthy subjects. This study has shown that this ratio is low in chronic obstructive non-specific lung disease; thus for greatest accuracy each volume should be measured separately. (3) Blood volume measurements have usually been expressed as a function of total body weight which, in patients of abnormal build, is a less accurate mode of expression than one using lean body mass. (4) Some authors have attempted to draw conclusions about the polycythaemic response in chronic chest disease from measurement of the venous haematocrit, red cell count, and haemoglobin concentration alone (Wilson et al., 1951; Ratto et al., 1955; Simpson, 1957 
